The physiological constraints on bud burst in woody perennials, including vascular development and oxygenation, remain unresolved. Both light and tissue oxygen status have emerged as important cues for vascular development in other systems; however, grapevine buds have only a facultative light requirement, and data on the tissue oxygen status have been confounded by the spatial variability within the bud. Here, we analysed apoplastic development at early stages of grapevine bud burst and combined molecular modelling with histochemical techniques to determine the pore size of cell walls in grapevine buds. The data demonstrate that quiescent grapevine buds were impermeable to apoplastic dyes (acid fuchsin and eosin Y) until after bud burst was established. The molecular exclusion size was calculated to be 2.1 nm, which would exclude most macromolecules except simple sugars and phytohormones until after bud burst. We used micro-computed tomography to demonstrate that tissue oxygen partial pressure data correlated well with structural heterogeneity of the bud and differences in tissue density, confirming that the primary bud complex becomes rapidly and preferentially oxygenated during bud burst. Taken together, our results reveal that the apoplastic porosity is highly regulated during the early stages of bud burst, suggesting a role for vascular development in the initial, rapid oxygenation of the primary bud complex.
Introduction
Grapevine is the most economically important fruit species worldwide, providing fruit for fresh, dried, and processed food and beverage industries, and is grown commercially in >100 countries. The phenology and habit of grapevine are remarkably plastic, displaying strong seasonality and a deciduous habit in temperate regions, while tending towards evergreen in tropical climates (Possingham, 2004) . The present understanding of the physiology of these dynamics and the cues that underpin this plasticity is far from complete (Lavee and May, 1997; Considine and Considine, 2016) . Improving this knowledge is important to optimize plant productivity, especially in marginal climates or seasons. In particular, an improved knowledge of the physiology of bud burst is fundamental to enable better canopy management and crop forecasting, as the timing and coordination of this event greatly influence flowering, fruitset, and ripening.
The axillary buds of several species require light for bud burst or outgrowth (Leduc et al., 2014) . Several grapevine studies have investigated the influence of low-intensity light on bud fruitfulness or shoot physiology, suggesting that it is adapted to a low-light environment (Alleweldt and Hofacker, 1975; May et al., 1976; Cartechini and Palliotti, 1995; Petrie and Clingeleffer, 2005; Sánchez and Dokoozlian, 2005) . However, there are few reports on the absolute light requirement for bud burst. Although we previously showed that grapevine buds do burst in the absence of light , there was evidence of light-responsive gene expression well before leaf tips emerge through the scale, indicating perception and early resumption of autotrophic capacities . These observations require further physiological elaboration.
Our physiological and molecular data also suggest a developmental role for oxygen (hypoxia) in the initial transition to bud burst (Meitha et al., 2015 , corroborating earlier suggestions from gene expression studies Ophir et al., 2009; Vergara et al., 2012) . More than a third of the widely conserved hypoxia-responsive gene homologues and numerous genes with a hypoxia-responsive promoter element were differentially regulated during the first hours of bud burst . Interestingly, we observed that the internal pO 2 (oxygen partial pressure) minima were peripheral to the meristematic core of the bud following the initiation of bud burst, suggesting an internal source of oxygen (Meitha et al., 2015) . However, the spatial resolution of the pO 2 data was limited in these studies, which we hypothesize reflects the morphological heterogeneity, within and between biological replicates. If this is the case, coupling this analysis with X-ray micro-computed tomography (μCT) and tissue density and porosity data should reveal direct correlations and provide a more accurate illustration of the spatial variation and magnitude of pO 2 within the bud.
An early indicator of the transition to bud burst is 'sap-flow'; the sudden increase in xylem pressure and the concentration of phytohormones and sugars in xylem sap that precedes bud burst (Skene, 1967; Skene and Antcliff, 1972; Sperry et al., 1987) . Shoots are known to provide water and nutrients for bud development, until the bud is photosynthetically active and autotrophic (Michailidis et al., 2018) . A role for callose deposition in gating the symplast during the onset and release of dormancy, metabolically isolating the bud, has been illustrated Peterson, 1991, 1997; Rinne et al., 2011 ). Yet, further investigation of this role of callose is required (Beauvieux et al., 2018) , as recent reports showed that callose does not explain the changes in connectivity and the molecular size exclusion limit that occur during development and stress response (Tilsner et al., 2016; Nicolas et al., 2017) . In addition, very little is known of the regulation of apoplastic connections during bud burst, which could play a significant role in delivering long-range signals from the root or shoot to the bud, given the xylem sap pressure and composition. A recent study demonstrated that uptake of the apoplastic dye acid fuchsin is excluded prior to bud burst in grapevine (Xie et al., 2018) ; however, details of how this transition is physiologically regulated deserve further evaluation.
Here we carried out a series of physiological experiments in order to dissect the influences of light, oxygen, and apoplastic connection in the regulation of the initial transition to bud burst. We also defined an apoplastic molecular exclusion size for grapevine buds. These studies also provide important chemical modelling data on two major apoplast-mobile dyes, eosin Y and acid fuchsin. This provides a foundation for further studies of the regulation of vascular connections, and of apoplastic and symplastic transport, between the bud and corpus throughout the annual cycle of perennial buds. It also establishes further confidence in the tissue and developmental dynamics of oxygen content in the bud.
Materials and methods

Plant material and growth under dark and dark-light conditions
Unless otherwise stated, water used throughout the study was Milli-Q ® water (MQW, Merck-Millipore, Bayswater, Australia) and chemicals were analytical grade from Sigma-Aldrich (Castle Hill, Australia). Merlot canes containing mature, dormant buds (00 acording to the BBCH scale) from node 3 to 12 were collected from a vineyard in Margaret River, Australia (34°S, 115°E). The canes were transported to the lab and stored at 4 °C until required (no longer than 13 d of storage). Single node cuttings (explants) were prepared as previously described (Meitha et al., 2015 , treated by submersion in hydrogen cyanamide (HC) 1.25% (w/v; Sigma #187364) in water for 30 s, and then planted on peat. This was used as an experimental tool to synchronize bud burst in biological replicates, as HC is widely used in industry and experimentally for this purpose. In this respect, we consider that experimental buds were non-dormant. Explants were grown under dark-light (DL, 12 h:12 h) conditions or in complete darkness (D) and used to perform the experiments described below. The photon flux density for the DL condition was between 200 and 300 µmol photons m -2 s -1 .
Bud burst experiments in D and DL
Trays containing 50 explants each were used to quantify the rate of bud burst in D or DL conditions over 52 d. The experiment was performed four times using samples collected between late April and June (southern hemisphere) in 2016 and 2017; for details refer to Supplementary Table  S1 at JXB online. The observed response was consistent, with the exception that the time to 50% bud burst decreased as the year progressed, as previously shown in other studies (Or et al., 2002; Parada et al., 2016) . The data presented here represent the explants planted on 5 May 2017. The explants were treated with HC, or untreated, as indicated in the Results. The trays containing the explants were irrigated with potable tap water every second day to ensure a field capacity (FC) of at least 80%. All the trays were filled with substrate to the same weight, and control trays were used to determine the dry weight and the weight at 100% FC. From these data, we determine how much water we should add to reach 80% FC.
CO 2 release and O 2 consumption
CO 2 production was measured as described previously (Meitha et al., 2015 . In brief, at least four pools (n=4) of eight excised buds each were placed on a thin layer of sticky tape to avoid dehydration through the base of the bud and were placed in an insect respiration chamber (6400-89; Li-COR, Lincoln, NE, USA) covered by aluminium foil, which was attached to a Li-6400XT portable gas exchange system to determine CO 2 levels. The measurements were performed in complete darkness, at 23 °C, in CO 2 -controlled air (380 µmol CO 2 mol -1 air) with 100 µmol m -2 s -1 air flow, at 55-75% relative humidity. Oxygen consumption was determined with five pools (n=5) of eight buds each. The buds were placed in a 4 ml micro-respiration chamber (Unisense, Aarhus, Denmark) and the pO 2 was monitored for at least 10 min using an O 2 microsensor (Clark-type, Unisense). The calibration of the sensor was performed by determining the potential at 0% pO 2 and atmospheric pO 2 . Calibration of the 0% O 2 condition was achieved by flushing N 2 into the calibration chamber until reaching a constant reading, whereas the atmospheric pO 2 was determined by flushing air into the chamber and taking into account the temperature of the room. Measurements were performed at 23 °C in complete darkness and keeping the micro-respiration chamber under water to prevent sudden changes in temperature. As a negative control, every day the pO 2 in an empty microrespiration chamber was also measured five times for 10 min each. The average of the slopes obtained with an empty chamber was subtracted from the measurements of the samples. The volume of the buds was determined using a 25 ml density bottle. This information was necessary to determine for each replicate the final volume of air in the chamber.
Following measurement of the CO 2 release and O 2 consumption, the buds were dried in an oven for 72 h at 70 °C to determine the DW, and the respiration rates were calculated. Note that respiratory quotient (RQ) values cannot be calculated from these data because the conditions of measurements are different for CO 2 and O 2 . The experiment was repeated three times (Supplementary Table S1 ).
Apoplastic connection
Both acid fuchsin and eosin Y solutions were prepared by dissolving 0.5 g of the respective dye in 0.01 M phosphate buffer pH 6.0. The solutions were filtered through a 9 cm Whatman ® GF/A glass fibre filter (W&R Balston Limited, UK) and then through a 0.2 µm membrane filter (Filtropur S 0.2, Sarstedt, Cat. No. 83.1826.001, Nümbrecht, Germany) . Explants were sampled from growth conditions at the corresponding times, cut 1.5 cm beneath the bud, and immediately transferred to 25 ml plastic tubes containing 2 ml of eosin Y or acid fuchsin solutions. Unless otherwise stated, the incubation time in the solution was 24 h. A razor blade was used to make a longitudinal cut through the centre of the buds, and the images were taken using a Nikon D700 digital camera (Nikon Inc., Tokyo, Japan) attached to a STEMI SV 8 stereo microscope (Zeiss, Oberkochen, Germany). At least four replicates were used per dye per time (n=4). The experiment was repeated twice (Supplementary Table S1 ) and both are presented here (Supplementary Figs S1, S2).
Molecular modelling
The geometrical structure of associated and dissociated forms of rhodamine green, acid fuchsin, and eosin Y was fully optimized in aqueous solution at the B3LYP/6-31G(d,p) level integrated with the IEF-PCM polarizable continuum model without imposing symmetry restrictions and using solute cavities adapted to the molecular shape and constructed with Bondi radii. The nature of each minimum was verified by inspection of the eigenvalues of the analytic Hessian in aqueous solution. Optimizations were performed at 298.15 K in the Gaussian09 program. All the calculations were performed using Gaussian09, rev. A.1 (Frisch et al., 2009) . To visualize the molecules, animate the vibrational modes, and represent the electron density and the charges, the program Gaussview 9.0 was used. The solvent-accessible surfaces (or Lee-Richards surfaces) were determined using Jmol (Jmol Team, 2007) .
Bud porosity and humidity
Five sets of five buds each (n=5) were used to determine moisture content and porosity. Each bud was dissected to separate the scale, trichomes, and green tissues. The porosity and moisture were measured for each tissue. Fresh weight was recorded before measuring porosity. After measuring the porosity, the tissues were desiccated during 96 h in an oven at 70 °C and the dry weight determined. The moisture content was determined as follows:
To determine the porosity, the volume of the tissues and the volume of air in the tissues were determined using a density bottle (Thomson et al., 1990) . The porosity was measured as follows: Porosity (%) = 100 × Volume of gas in the tissue/Volume of tissue
Vascular connection and porosity by micro-computed tomography
Grapevine canes collected on 10 May 2016 were sent to Belgium via World Courier and kept at a constant 4 °C. The explants (BBCH scale: 00) were planted on 23 May 2016 in D and DL as was done for bud burst analysis. Three buds of each condition (0, 48, 72, and 168 h each of D and DL) were incubated overnight with caesium iodide (CsI) 10% at 4 °C. 3D imaging using µCT was performed on each bud (BBCH scale: 00-01). µCT was performed with a nanofocus CT system (Phoenix Nanotom, General Electric, Heidelberg, Germany) before and after incubation. For scanning, buds were mounted on the rotation stage by means of a Parafilm wrap. A total of 2400 projection images per scan were taken with 0.15 ° angular steps for a full 360 ° rotation. Capture time for each image was 500 ms. Settings were 55 kV/182 μA for control samples, and 60 kV/167 μA for CsI samples. Image pixel resolution was 2.50-3.25 µm, depending on bud dimensions. Slice reconstruction was performed by Octopus Reconstruction version 8.9.0.9 (XRE, Ghent, Belgium) using the filtered back-projection method.
3D image rendering and quantitative image processing was conducted in Avizo 9.6 (ThermoFisher Scientific, Bordeaux, France). First, the bud volume was masked from the background and the Parafilm wrap used for scanning. This was achieved by applying a global threshold on the grey scale images complemented with erosion, dilation, and filling operations on orthogonal image slices and the 3D volume. Secondly, the pixels inside each masked bud image were assigned to air or bud tissue using a simple grey scale threshold. Pixel values ≤60 (on a 0-255 scale) were assigned to air, according to the grey scale range of the background. Pixel values >60 were assigned to the tissue. Finally, different subsamples (with a representative volume >100×100×100 pixels) of the different parts of the bud (outer and inner scales, trichomes, and base) were taken from the 3D image to calculate local porosity. Porosity was defined as the proportion of total volume of air to the total volume of the subsample. Porosity values of tissues were averages of three buds per condition.
Internal pO 2 profiles
The internal O 2 (pO 2 ) was measured using an O 2 microsensor (Clarktype, Unisense) with a 25 µm tip as previously described (Meitha et al., 2015 . The calibration of the sensor and measurements were done using the Sensortrace Suite software. For calibration of 0 kPa O 2 , the sensor was flushed with N 2 until stabilization, and for normal pO 2 concentration, a fish pump was used to flush the sensor with atmospheric air. The buds were removed from the cane and stood on a flat surface, and then the electrode was electronically inserted from the top to reach the centre of the meristem as described in Meitha et al. (2015) . The depth of the path changed depending on the size of the bud, but it was usually between 2900 µm and 3700 µm with steps of 36 µm and three measurements per step. The profiles were performed in at least eight buds for each condition and time (n=8). The experiment was repeated three times (Supplementary Table S1 ) and the last one is presented here.
Electrode pathway by micro-computed tomography
The buds used to determine the internal pO 2 were preserved in FPA solution [10% (v/v) 37% formalin; 5% (v/v) propionic acid; 50% (v/v) 70% ethanol; 35% (v/v) deionized water] at 4 °C. The samples were subsequently incubated overnight in 1% iodine+2% potassium iodide solution (IKI) in phosphate-buffered saline (PBS) prior to µCT scanning. Buds were then placed in a 5 mm diameter sealed plastic straw in PBS and scanned at 40 kV and 66 µA using a µCT system (Versa 520 XRM, Zeiss) running Scout and Scan software (v10.6.2005.12038, Zeiss) . A total of 2501 projections were collected over 360º, each with a 5 s exposure; 2× binning was used to achieve a suitable signal to noise ratio and 0.4× optical magnification was used to achieve an isotropic voxel resolution of 7.9 µm. An LE1 source filter was also applied. Raw data were reconstructed using XMReconstructor software (v10.7.3679.13921, Zeiss) following a standard centre shift and beam hardening correction. The standard 0.7 kernel size recon filter setting was also used. Avizo (v8.1.1, FEI) software was used to obtain orthogonal slices through the data in the same plane as the electrode pathway. Images were then taken into Adobe Photoshop Elements 15 where the pO 2 profiles were mapped onto the electrode pathway. Pixel density was determined using the Line probe tool of Avizo 8.1, as a measure of tissue density. In particular, two lines were used, one just above the path and the other just below the path. The average of the intensities was used to estimate the density of tissue that the probe penetrated.
Statistical analysis
ANOVA was performed for the respiration rate (n=4-5), porosity and moisture by weight (n=5), and porosity by μCT (n=3) experiments, and means from the results from experiments were compared using Tukey's test at the P-values specified in each figure.
Results
The role of vascular development during bud burst and the effect of light
The influence of light on the rate of bud burst was evaluated in the presence or absence of HC, a commonly used agent to synchronize bud burst. The data demonstrated an interaction between light and HC, whereby the influence of light was greater in the absence of HC ( Supplementary Fig. S1A, B) . HC alone had a considerable effect of increasing the rate of bud burst, accelerating the rate to achieve 50% bud burst from ~28 d to 15 d (in light). For subsequent experiments, we chose to work with HC-treated buds because bud emergence was more predictable than in untreated buds. Bud respiration was also determined in the presence and absence of light (DL and D, respectively) during the first week of growth (0, 48, 96, and 168 h). In both light conditions at 168 h, the CO 2 release and O 2 consumption were greater than at 0 h ( Supplementary Fig.  S1C, D) .
In these conditions, we investigated the vascular development of the buds visually and by µCT to address whether light influenced the resumption of vascular transport. From the μCT data, vascular development was apparent over the time course; however, the contrast agent (caesium iodide) was transported even at 0 h, demonstrating that the vascular tissue was sufficiently functional to transport water and minerals (Fig. 1A and Supplementary Movie S1 show the uptake of the contrast agent in a 3D bud structure). We also investigated whether the apoplast is regulated during the resumption of bud growth in our experimental conditions, using apoplastic dyes which are larger than the contrast agent used for µCT and more reflective of macromolecules transported in the phloem and xylem.
Here (Fig. 1B, C) . The ability of the apoplast to transport the dyes was observed earlier in the DL condition, despite the fact that D-grown buds had reached a similar degree of bud swell over the same time (Supplementary Figs S2, S3 ). In addition, we observed that the uptake of acid fuchsin was more rapid and extensive than that of eosin Y.
Since the transpiration rate in a later stage of bud burst should be faster than in an earlier stage, it is plausible that the greater uptake of dyes at later stages is due to the greater transpiration, rather than a change in apoplastic connectivity. Thus, we performed an experiment comparing bursting buds with 0 h buds that had been peeled in order to increase the dehydration of the bud, and therefore the uptake of the solution. Our results demonstrate that in an intact bursting explant (216 h), the dye penetrated to the top of the bud within 3 h of incubation ( Supplementary Fig. S4A ). Nevertheless, in a 0 h peeled bud, even after 72 h of incubation, the dye could not penetrate the buds (Supplementary Fig. S4A ). This demonstrates that the observations of Fig. 1B and C are methodologically supported, and that prior to bud burst, bulk flow driven by the xylem pressure or diffusion would still be restricted.
Determination of the molecular exclusion size in buds
To estimate the molecular exclusion size in grapevine buds, the molecules of acid fuchsin and eosin Y, together with rhodamine green as a positive control, were computationally modelled in the associated (neutral) and dissociated forms. The molecular volume, determined by the electron density of the optimized structures, was greater for eosin Y than for the other molecules ( Fig. 2A) . Indeed, the molecular volume ( Supplementary Fig.  S5 ) positively correlated with the molecular weight of the molecules, being the lowest for rhodamine green ( Supplementary  Fig. S5 ). The charges and the electrostatic potential of these molecules were also evaluated to understand if their different mobilities are due to different physical-chemical properties. In the associated form, the charges and dipole moment of rhodamine green and eosin Y are quite similar, with the partial charges homogenously distributed through the molecules (Fig.  2B ). In the case of neutral acid fuchsin, more extreme partial charges were localized towards the phosphate groups; however, the dipole moment was also small due to the symmetry of the molecule ( Fig. 2A) . Similar observations were found in the dissociated forms, with regards to the fact that the anionic form of eosin Y had a much greater dipole moment ( Fig. 2A) . In addition, more extreme electrostatic potentials were found in rhodamine green and acid fuchsin than in eosin Y (Fig. 2C) .
To better estimate the required size to transport the molecules through the plant, the solvent-accessible surface for both molecules in the ionic form was modelled (Fig. 3) , and the lowest area that they required to be transported was estimated. Our results demonstrated that eosin Y requires a bigger pore area to pass through (Fig. 3) . Considering that these soluble molecules will require at least one layer of water hydration shell (~3.5 Å; Laage et al., 2017) , the diameter of the pore should be increased by 0.7 nm. Hence, the 1.5 nm estimated length of these molecules would be increased to ~2.2 nm when having one water layer. As we demonstrated that these dyes cannot enter the bud prior to bud burst, but considering that rhodamine green can, we conclude that the molecular exclusion size at the base of the bud is ~2.1 nm.
Determining the tissue-specific oxygen levels in a perennial bud
To investigate further the roles of light and O 2 on the course and coordination of bud burst, we assessed the internal tissue oxygen status (pO 2 ) through bud burst in the DL and D buds. A slight decrease in the pO 2 over the first 48 h and a marginal increase after 48 h was observed ( Supplementray Fig. S6 ). We then investigated whether light (in assay conditions) can affect the pO 2 in 168 h buds, which were more likely to have developed a photosynthetic capacity. The presence of light during measurement did not significantly increase the internal pO 2 profile in buds grown in the presence (DL) or absence (D) of light ( Supplementary Fig. S7A ), although we observed a small increase in pO 2 in the peripheral region of the bud (depth 0-200 µm) in the DL condition (>15 kPa, compared with D at <10 kPa; Supplementary Fig. S7B ).
The spatial variance among the pO 2 data was considerable ( Supplementary Fig. S6 ), which we hypthosized was due to the considerable tissue heterogeneity within and between biological replicates, confounding the resolution of treatment effects. In order to explore this, µCT was performed on individual buds after assaying the internal pO 2 profile (168 h D and DL). In µCT, the electrode path was clearly visible, enabling us to overlap the pO 2 profile with the images (Fig. 4) . As the profile supported our hypothesis, a line probe, reporting the intensity of the pixels, was used to estimate the density of tissue just above and below the electrode pathway. The pO 2 profile correlated well with the internal structure of the bud, as the sudden decline in pO 2 correlated with the probe entering into bract structures, while the pO 2 of the regions of the trichome hairs was elevated (Fig. 4) . This analysis also clearly illustrated that the pO 2 of the meristematic core of the bud (between 2000 µm and 2400 µm depth) was elevated following the initiation of bud burst.
Exploring the structural context further, we then determined the tissue porosity and moisture content, two variables known to affect O 2 diffusion, of the scales, the trichomes, and the green tissue of grapevine buds (Fig. 5A ). These variables were first determined by weight and volume data. The greatest porosity (% gas spaces per unit tissue volume) was found in the trichomes, 77%, followed by 30% for the outer scales and 12% for the green tissue. Humidity (% water per unit tissue weight) was the lowest for the trichomes (14%), 18% for the scales, and 41% for the green tissue. We further investigated the porosity analysing the structural data obtained by µCT, being able also to evaluate the porosity of the base of the bud, the trichome, bracts, and outer scales (Fig. 5B) . The values were 85-88% for the trichomes, 37-38% for the outer scale, 5-6% for the bracts, and 8-10% for the base, at 0 h and 168 h (Fig. 5C) . Overall, the results of porosity from the structural images correlated well with the other results. However, the differences between the tissues were enhanced. No statistically significant differences were observed between 0 h and 168 h in terms of porosity of the tissues.
Discussion
An increasing number of studies have added to the literature on signalling and transcriptional changes in bud quiescence, dormancy, and outgrowth/burst. Here we have returned to more classical physiological experiments to establish an improved platform of knowledge to which the gene expression and signalling studies can be related, including non-cellautonomous signals such as proteins, mRNAs, and miRNAs, and the role of molecular oxygen.
The apoplast pore size of quiescent grapevine buds restricts passive transport to water and small molecules
In the weeks prior to bud burst in woody perennials, xylem pressure builds to extreme levels and becomes enriched in phytohormones and simple sugars (Skene and Antcliff, 1972; Sperry et al., 1987) . It has been shown that the symplast is gated during this transition, in a manner dependent on temperatureand gibberellic acid-(GA) regulated glucanases (Rinne et al., 2011) . However, given the extreme pressure in the xylem, the apoplast could be a considerable pathway for long-range signals from the corpus (mother vine/tree), which triggers bud burst. Recently, xylem differentiation of grapevine bud was shown to commence in spring at the swelling stage of bud burst (BBCH >5) (Xie et al., 2018) . Here we have shown that the aperture of the apoplast between the bud and the corpus is rapidly regulated during the initiation of bud burst, irrespective of the time of the year at which samples were harvested. The data also suggest that the difference in the rates of bud burst observed between D-and DL-grown buds results, in part, from more rapid apoplastic development in the DL condition ( Supplementary Fig. S1A ).
The isolation of the bud from the corpus during dormancy has long been considered. However, there were no data reporting quantifiable measures of this isolation, such as the molecular exclusion size of buds. The apoplastic transport is limited by the pores formed in the cellulose/hemicellulose fibre structure. Depending on the tissue, the limiting diameter of these pores can vary. In grapevine buds, considering that rhodamine green was shown to be transported (Jones et al., 2000) , the information of acid fuchsin and eosin Y was used to determine the pore size of the apoplast in grapevine prior to bud burst (Supplementary Fig. S5 ). Our value of 2.1 nm diameter pore size in buds is much lower than those observed in other tissues. For instance, in hair cells of Raphanus sativus roots and fibres of Gossypium hirsutum, the pore size was as small as 3.5-3.8 nm, while in the parenchyma cells of the leaves of Xanthium strumarium and Commelina communis they were determined to be between 4.5 nm and 5.2 nm (Carpita et al., 1979) . In citrus leaves, the size exclusion limit to move through the cell wall and into the phloem was estimated to be between 4.5 nm and 5.4 nm (Etxeberria et al., 2016) . The smaller value observed here in grapevine buds suggests that quiescent buds are quite well isolated. However, mono-and disaccharides, such as glucose and sucrose, and phytohormones, such as ethylene, salicylic acid, abscisic acid, jasmonic acid, and GA, should be able to pass though this small pore. Considerable evidence shows that the xylem pressure builds and the sap becomes enriched with simple sugars and phytohormones, particularly cytokinins, in the weeks prior to bud burst (Skene and Antcliff, 1972; Sperry et al., 1987; Maurel et al., 2004; Bonhomme et al., 2010) . Our data indicate that these smaller molecules would be capable of being delivered to the meristematic cells of the bud via the apoplast, but not larger oligosaccharides, peptides, or macromolecules which may have signalling roles. Cell wall invertase (CWI) may play a key role in mediating the transport of sugars through the apoplast, since sucrose mobility will be more limited than for hexoses. CWI has demonstrated functions in sink strength and regulating developmental transitions and shoot architecture (Heyer et al., 2004) . In fact, CWI activity was induced shortly before bud break in buds of peach trees (Maurel et al., 2004) , and gene expression of a vacuolar invertase was rapidly induced at the onset of bud burst in grapevine, together with sucrose synthases . Bonhomme et al. (2010) showed that by early spring, the sugars were transported from the bark and xylem to the bud, at least 1 month prior to bud burst. This suggests that the de novo transport of sugars from the cane is not the trigger of bud burst. Rather, the increase in temperature within the bud is important to enable catabolism and secondary active transport of sugars within the bud, resulting in an increase in sink strength, which triggers a commitment to bud burst.
The fact that the pore size of the apoplastic connection is smaller in buds than in roots and leaves of other plants suggests that the isolation of the bud is key to enable desiccation and metabolic quiescence, and to avoid premature rehydration of the bud, which may result in precocious bud burst. A relevant comparison can be made to the seed coat (testa), which is known to protect the plant embryo and can restrict the transport of molecules as small as 2.8±1.2 nm (Kurepa et al., 2010) . When the seeds are imbibed, the mucilage of the epidermal cells is hydrated, rupturing the cell wall (Kurepa et al., 2010) . Similarly, we observed that morphological changes to bring about an increase in the pore size and allow the transport of these dyes must occur during the early stages of bud burst. Our evidence suggests that pore size increases to >2.1 nm over the course of bud burst to allow the diffusion of eosin Y. Importantly, here we have used computational chemistry to model the structure of the dyes at the quantum level, rather than a broadly estimated size of the molecule, as commonly used in studies reporting transport of nanomolecules. This information itself is highly valuable given that these dyes are widely employed across the life sciences to evaluate vascular transport. The use of a similar approach with symplastic dyes during bud burst would also be very helpful, in light of the evidence of regulation during dormancy transitions.
Light accelerates the reactivation of vascular tissue between the cane and the bud
Light is an absolute requirement for bud burst (outgrowth) in many species, including Rosa spp. and pea (Leduc et al., 2014) . Here we have shown that grapevine buds have a facultative requirement for light, which accelerates vascular development and the rate of bud burst, but not the final proportion of buds burst. This effect was not due to a more developed state of the buds grown in DL conditions; in fact, less developed DL buds showed apoplastic connectivity when more developed D buds did not ( Fig. 1C; Supplementary Figs S2A, B, S3B ). In our view, the local hydrolysis of polysaccharides in the cell wall should contribute to the increase of porosity during early bud burst. Upon inspecting gene expression data from a previous study (grapevine buds grown for 72 h versus 3 h in D and DL condition, Meitha et al. 2018) , we found that genes coding for both cellulose synthase and cellulase were overexpressed at 24 h compared with 3 h but those for cellulase were much more up-regulated than those for cellulose synthase, and the overexpression was greater in the presence of light. For instance, the fold change for genes coding for cellulase was 29 and 43 in D and DL, respectively, whereas the fold change for the genes coding for cellulose synthase was, on average, 2.6 and 5.6 in D and DL, respectively.
Light quality also affects bud burst in rose; in particular, white, blue, and red lights promote bud burst, while far-red light does not, and the bud itself plays an important role in light perception (Girault et al., 2008; Abidi et al., 2013) . In grapevine, we recently provided evidence suggesting that cryptochrome photoreceptors play a role in promoting a photomorphogenic response, which points to the importance of blue light . We are not aware of any detailed studies of the light quality responses of grapevine buds.
The meristematic zone of buds is preferentially oxygenated during bud burst
Several studies, particularly in the presence of HC, have identified patterns that implicate the development of oxidative stress and hypoxic response syndromes, which precede the activation of glycolysis, the pentose phosphate pathway, and fermentation, as fundamental events that enable bud burst (Ophir et al., 2009; Vergara et al., 2012) . More recently, we observed that even in the absence of HC or other stress, tissue oxygenation and the expression of conserved hypoxia-responsive genes is acute and highly regulated during the first 24 h of bud burst . Thereafter, gene expression became more responsive to light and energy cues . Our earlier data also suggested tissue-specific oxygenation of the meristematic core (primary bud complex) after 24 h; however, the resolution of these data was not as clear as previously seen in other organs such as succulent stems (Pedersen et al., 2006) . The use of μCT data to map the path of the pO 2 electrode here provides irrefutable evidence that the meristematic core is oxygenated during bud burst. In addition, the O 2 profiles ( Fig. 4; Supplementary Fig. S5 ) provide evidence that the establishment of vascular tissues also promotes oxygenation of the primary bud complex, and that vascular flux may be a significant source of O 2 . Moreover, the relatively high porosity of the outer scale determined by the two methodologies here suggests that it is a weak barrier for O 2 and that atmospheric pO 2 (~21 kPa) should be sufficient to oxygenate at least the peripheral regions and tissues of the bud. It would be valuable to extend these studies to the full seasonal dynamics of development and dormancy state of the bud.
Together, our data demonstrate that the pO 2 in the bud is spatially regulated, and that despite the porosity constraints, the meristematic core of the bud (primary meristem) is preferentially oxygenated during bud burst. This oxygenation does not apparently evolve from in situ photosynthesis.
Conclusions
We conclude that the apoplastic pore size between the bud and corpus is regulated during bud burst and this regulation restricts conductance of larger macromolecules until after the sink strength of the bud has established. Light facultatively promotes the rate of this transition. We also conclude that the pO 2 patterns of buds, correlated with the internal structure of the bud, in a way that the lower pO 2 content is observed in the bract structures, whereas the pO 2 of the regions of the trichome hairs and the meristematic core is elevated rapidly once bud burst is initiated. The principles and methods we have demonstrated provide a foundation to explore further the role and regulation of vascular development and tissue oxygen content during the full phenology of the bud.
Supplementary data
Supplementary data are available at JXB online. Table S1 . Summary of the assays performed. Fig. S1 . Effect of light on bud burst and bud respiration. Movie S1. Uptake of iodine by grapevine bud at 168 h.
